In previous Aquifer Thermal Energy Storage (ATES) experiments, appreciable free thermal convection was observed. In an attempt to counter the detrimental effects of convection, a dual recovery well system was constructed at the Mobile site and a third injection-storage-recovery cycle performed. Using a partially penetrating well, cycle 3-3 injection began on April 7, 1982. A total of 56;680 m 3 of 79øC water were injected. After 57 days of storage, production began with a dual recovery well system. Due to the dominating effect of nonhomogeneities, the dual well system did not work particularly well, and a recovery factor of 0.42 was achieved. The degree of aquifer heterogeneity at the location of the present experiments was not apparent during previous experiments at a location only 109 m away, although pumping tests indicated similar values of transmissivity. Therefore aquifers with the same transmissivity can behave quite differently in a thermal sense. Heat conduction to the upper aquitard was a major energy loss mechanism. Water sample analyses indicated that there were no important changes in the chemical constituents during the third set of experiments. There was a 19% increase in total dissolved solids. At the end of injection, the land surface near the injection well had risen 1.39 cm with respect to bench marks located 70 m away.
Beginning in 1975, Auburn University conducted a series of aquifer thermal energy storage (ATES) experiments in a confined aquifer near Mobile, Alabama
. The objectives of these experiments were to demonstrate the technical feasibility of the ATES concept, to identify and resolve inherent operational problems, and to acquire a data base for developing and testing mathematical models. For the most part, these objectives have been met. ATES is technically feasible at the Mobile site, and inherent operational problems that were encountered have been largely resolved Parr et al., 1983] . The collected data have served as a partial basis for testing several mathematical models of varying degrees of complexity, and the resulting studies have proved to be illuminating [Papadopulos and Larson, 1978 The most recent field experiments (third set) were based on the geometry shown in Figure 1 and consisted of three injection-storage-recovery cycles of 3 months, 7.3 months, and 8 months duration respectively. During cycle 3-1, 25,402 m 3 of water were injected at an average temperature of 58.5øC. After storage and recovery, this was followed by cycle 3-2 injection of 58,063 m 3 at an average temperature of 81øC. Both of these cycles are described in detail by and simulated by Buscheck et al. [1983] using a computer model called PT. A summary of all three sets of experiments performed at the Mobile site is presented in Table 1 .
During the storage phase of cycle 3-1, it became apparent that a relatively large amount of free thermal convection was occurring in the confined aquifer. Such a phenomenon was not observed to a significant extent during cycles 2-1 and 2-2,
•Now at the Department of Civil Engineering, University of At the higher injection temperature (81øC) of cycle 3-2, free thermal convection was more pronounced and the initial recovery temperature was only 55.1øC. By 2 weeks into the production period, water above 45øC had migrated to the top half of the storage aquifer. At this time it was decided to modify the recovery well in an attempt to improve energy recovery. The bottom half of the well was filled with sand and a figure k packer was placed above the sand. After this modification was complete, pumping resumed, and ultimately the recovery factor was 0.45. If the modification had not been made, it is estimated that the recovery factor would have been 0.40 .
After consideration of the free thermal convection problem and its negative effect on recovery temperature, it was concluded that a dual recovery well system might result in improved energy recovery. The two wells would be located as close together as possible, with one well screened in the upper half of the storage aquifer and the other screened in the lower half. Upon initiation of recovery pumping, both wells would be pumped simultaneously. In a thermally stratified and homogeneous storage aquifer this would maintain radial flow approximately, with colder water entering the lower screen and warmer water entering the upper screen. The colder water could then be reinjected or wasted at an appropriate location. The effect of nonhomogeneities, which we know exist at the Mobile site, cannot be predicted in detail but would probably act to reduce the effectiveness of a dual well system. At the Mobile site, construction of a dual recovery well system was completed on April 1, 1982, and cycle 3-3 injection began on April 7. The two major objectives of this paper are to report the resulting cycle 3-3 data and to discuss the effectiveness of the dual recovery well system. A third objective is to compare some of the results with those of previous cycles and previous experiments.
DESCRIPTION OF EXPERIMENTS
The project site is located in a soil borrow area at the Barry Steam Plant of the Alabama Power Company, about 32 km north of Mobile, Alabama (see Molz et al. [1978 Molz et al. [ , 1983 for details). The storage aquifer is composed of a medium sand of Quaternary age containing interstitial silts and clays [Molz et al., 1978] . In order to conduct cycles 3-1, 3-2, and 3-3, the well field shown in Figure 2 was constructed. For cycle 3-3, well I2 was used for injection of heated water and for production. Groundwater temperatures were only recorded at 6 elevations in wells 12, 11, 4, 5, and 6. There was no tracer injected during cycle 3-3, but heads were recorded in each head observation well. Land elevation changes and groundwater chemistry data were recorded also. Wells I2 and R1 constitute the dual recovery well system shown schematically in The temperature history of the production and rejection wells during recovery pumping is shown in Figure 8 . After a few minutes of pumping the production temperature stabilized at 51.5øC, which is well below the average injection temperature of 79øC. It was soon discovered that variations in the rejection pumping rate had very little effect on the production temperature. Evidently, the nonhomogeneity in the storage aquifer was exerting a dominant influence on the velocity distribution. Further evidence for the significant effect of heterogeneous and temperature-dependent hydraulic conductivity in the storage aquifer can be obtained by examining the vertical temperature distribution curve ob- The recovery duration indicated resulted in recovery volume equaling injection volume. *27 days of early down time were removed to facilitate comparison. ability zone somewhere near the center of the aquifer and a temperature-induced permeability increase (kinematic viscosity of water decreases by 50% between 30øC and 70øC) due to hotter water in the upper part of the aquifer, some of which remained after cycle 3-2. The magnitude of a temperature-induced permeability change is comparable to the intrinsic permeability differences selected by Buscheck et al. [1983] in their simulations of cycles 3-1 and 3-2.
The previously mentioned relationship between average aquifer temperature, production temperature, and rejection temperature held even when the production pumping rate was five times greater than the rejection rate. Pumping the rejection well at a higher rate relative to the production well resulted in simply raising the rejection temperature with little or no effect on the production temperature. It appears, therefore, that both wells are pulling water from the middle to upper portion of the storage aquifer where a high intrinsic permeability zone exists and where the hottest water resides. Relatively little water is moving horizontally through the bottom third of the aquifer in the vicinity of the rejection well where the intrinsic permeability is lower and the water viscosity is higher due to lower temperatures. At the end of cycle 3-3 injection, it was decided to perform additional water chemistry analyses to determine if the flushing of heated water through the storage aquifer had caused changes in the concentrations of various dissolved materials. Accordingly, samples were taken on July 12, 1982 from wells S2 and 22. The water obtained from well 22 was at a temperature of 62øC and had been flushed through the storage zone during cycle 3-2 and 3-3. That obtained from S2 was closer to a sample of the native groundwater but still subject to some flushing. Analyses of both samples along with previous measurements utilizing native groundwater are displayed in Table 3 . This data supports the conclusion that there were no major changes in the chemical constituents of the groundwater during the third set of experiments. The cumulative energy left behind in the aquifer was calculated by numerical integration of the temperature distributions shown in Figure 15. temperature of 79øC had been injected. After a 57-day storage period, production began with a dual recovery well system. The objective was to pull the hotter water in the upper portion of the storage aquifer into the production well and the colder water in the bottom portion into the rejection well. By varying the pumping rates of the two wells, it was hoped that a near-optimum energy recovery from a thermally stratified aquifer could be achieved.
Shortly after production began, it became obvious that the dual recovery well system was not going to work as well as had been intended. The inadequate control was due to the following interacting effects.
1. During injection, much of the flow occurred near the center of the aquifer which caused significant lateral spreading of the injected volume.
2. During storage, thermal convection in and above the high permeability zone was dramatic, causing increased lateral spreading of the heat. temperature ATES but not necessarily the economic feasibility. However, several applications of ATES technology currently underway in Canada, Denmark, Sweden, and other locations in Europe will soon contribute to resolution of the economic question. Some of the more interesting approaches involve the use of heat pump systems to extract heat from warm aquifer water and produce a useful temperature for space heating, water heating, and other applications. With the combined aid of field tests and computer modeling techniques that have been perfected over the past decade, it is now relatively straightforward to develop the initial design of an ATES system. However, the useful lifetime and long-term maintenance costs are more difficult to define. The most subtle problems are chemical in nature. They result mainly from mixing waters having different temperature and chemical properties (pH, ion concentration, etc.) during the injection process. This will occur to some degree even when the supply and injection wells are located in the same aquifer. Deleterious geochemical and/or colloid chemical effects can be immediate and dramatic, seriously imparing injection within a few days, or they can be of a very gradual, long-term nature. For obvious reasons, the latter situation has received the least amount of study.
